X-ray photoelectron spectroscopy (XPS) and secondary mass ion spectrometry (SIMS) have been used for studying surface layers formed by selective oxidation of titanium in high-purity copper-titanium alloys. Sheets of copper-0.5, 1.0, 1.5, 2.0 and 3.4 mass% titanium alloys were annealed at 873 K under a low partial pressure of oxygen. XPS results indicate titanium enrichment on the surface side of a sample to form titanium oxides. With increasing bulk concentration of titanium, the amount of titanium oxides formed on the sample surface increased, while the amount of metallic copper decreased. SIMS depth profiles of these samples showed that titanium oxides are formed in a surface layer less than one micrometer thick, and a titanium-depleted zone is formed beneath the surface layer containing titanium oxides. A concentration profile of titanium formed beneath the titanium-depleted zone was found to be described by outward diffusion of titanium in the matrix, indicating that the oxidation process is mainly controlled by diffusion of titanium in copper.
Introduction
Although copper base alloys are used for electrical parts such as lead frame and connector because of its high electrical conductivity, further improvement of their properties and processing is required for small devices used in microelectronics. Titanium is a typical alloying element for hardening copper base alloys. Several works on the mechanical properties and microstructure of copper-titanium alloys have been made, [1] [2] [3] [4] [5] and some interesting results were obtained. On the other hand, the effect of alloying elements on the chemical properties, such as oxidation, of copper-titanium alloys is somewhat limited, although Wood et al. 6) investigated the kinetics of internal oxidation for copper-titanium in the temperature range between 973 and 1173 K, in which the change in the thickness of an internal oxidation layer were obtained as a function of time by observing the cross-section of oxidized samples with microscopes. Thus, in order to control the properties and processes of copper-titanium binary alloys used for microelectronics, it is indispensable to understand their oxidation behavior. The present authors have shown characteristic features of native oxide layers formed on the surface of ultra high-purity copper, which was prepared in an anionexchange separation method, 7) by using the surface analytical methods. 8) It would be interesting to examine to extend these high-purity copper base alloys.
In this study, X-ray photoelectron spectroscopy (XPS) and secondary mass ion spectrometry (SIMS) have been used for analyzing the microscopic distribution of elements in surface layers formed in high-purity copper-titanium alloys by annealing in a low partial pressure of oxygen. The formation mechanism of the concentration profiles of these elements is also discussed on the basis of these results.
Experimental

Sample preparation
Buttons of pure copper, and copper-0.50 mass%(0.66 at%), 1.0 mass%(1.3 at%), 1.5 mass%(2.0 at%), 2.0 mass%(2.6 at%) and 3.4 mass%(4.5 at%) titanium alloys were prepared from 6N copper and 6N titanium by the hydrogen plasma arc melting method. 9) They are hereafter referred to as pure Cu, Cu-0.5Ti, Cu-1.0Ti, Cu-1.5Ti, Cu-2.0Ti and Cu-3.4Ti, respectively. These buttons were homogenized by annealing at 1173 K for 10 5 s. They were cold rolled to 0.5 mm thick sheets, and cut to about 5 × 10 mm 2 . They were annealed at about 1173 K for 1800 s under vacuum less than 10 −3 Pa and quenched into oil at room temperature. After these samples were polished mechanically, they were annealed at 873 K in argon-9.8% hydrogen gas containing water vapor, which passed water at 290 K. The oxygen partial pressure in this annealing atmosphere is estimated to be about 5.2 × 10 −18 Pa at 873 K. It may be noted that in this annealing condition, pure titanium is oxidized, while pure copper is not oxidized.
Measurements
XPS measurements of samples were performed in PHI-5600, of which the operation conditions are described elsewhere. 8, 10) The incident X-ray in XPS was monochromated Al K α radiation. In this work, after the sample surface was sputtered by argon ions for 10 s to remove a contaminated layer of hydrocarbon, Cu 2p, Ti 2p and O 1s XPS spectra were recorded. Their relative sensitivity factors were used for estimating the surface concentration from peak areas in these XPS spectra. Cu LMM X-ray excited Auger electron spectra (AR-XAES) were also measured for investigating the chemical state of copper. Argon ion sputtering was applied for obtaining XPS depth profiles. Since the sputtering rate in depth profiling is relatively low, ca. 0.07 nm/s, a thin surface layer up to about 100 nm depth was analyzed in XPS depth profiling.
SIMS measurements were carried out using PHI-6600 with quadrupole-type mass spectrometer. Primary Cs + ions of 5 keV were irradiated to sputter an area of 500 µm square on the sample surface. The beam current was set to 380 nA, so as to obtain depth profiles within an adequate time. Secondary 196 (CsCu) + , 181 (CsTi) + and 16 O + ions from the sample surface were counted, in order to evaluate the amount of constituent elements while distinguishing different kinds of ions with a similar mass number, e.g. 63 Cu + and 63 (TiO) + . The sputtering rate in SIMS depth profiling was estimated to be about 2.4 nm/s from measurement of the sputtered crater depth by a surface profiler, Dektak-3. Figure 1 shows the surface concentration measured by XPS versus the bulk concentration of titanium in the high-purity copper-titanium alloys oxidized under the low partial pressure of oxygen. The surface concentration, that is the range denoted by arrows in Fig. 1 , means the relative fraction of oxygen, titanium and copper obtained from the XPS measurements. The origin of oxygen detected at the surface of these samples is divided into two oxides: titanium oxide formed by annealing at 873 K and native oxide formed by exposing to air at room temperature after annealing. Oxygen detected on the surface of pure copper comes from the native oxide, of which the composition appears to be nearly Cu 2 O. 11) The surface concentration of titanium is much higher than the bulk concentration of titanium, indicating that titanium is enriched in the surface layer to form titanium oxides during annealing in the low partial pressure of oxygen. These results provide information that when increasing bulk concentration of titanium, the surface concentration of oxygen and titanium increases, while the surface concentration of copper decreases. Considering the contribution of native oxide formed on the surface of metallic copper to the total oxygen concentration on the alloy surface, it may safely be said that titanium oxide formed on the surface is nearly TiO 2 . In order to investigate the chemical state of titanium and copper in surface layers, XPS and XAES spectra were measured as a function of argon ion sputtering time. Figures 2(a), (b), (c), (d) and (e) show Ti 2p XPS spectra from the surface of Cu-3.4Ti, which were sputtered for 0 s, 30 s, 150 s, 300 s and 450 s, respectively. Peaks in Ti 2p 3/2 XPS spectra are located between about 459 and 455 eV in binding energy, which show that titanium is present as not metallic but Ti 4+ and/or Ti 2+ oxides. 11) However, some influence of ion sputtering on the chemical state should be taken into account, since oxygen is often preferentially sputtered from the oxide surface. 12) Nevertheless, titanium is considered to form oxide as TiO x in the surface layer of the sample used in this work, as expected from the present annealing condition. On the other hand, Cu LMM XAES spectra, which are sensitive to the chemical state of copper, 8, 13) were also measured to analyze the chemical state in the present sample. This is because of a very small difference of the peak position between Cu + (Cu 2p 3/2 : 932.6 eV) and Cu 0 (Cu 2p 3/2 : 932.7 eV) in the XPS spectra of copper. Figures 3(a) , (b), (c), (d) and (e) show Cu L 3 M 45 M 45 XAES spectra from the surface of Cu-3.4Ti annealed at 873 K and then exposed to air at room temperature, which were sputtered for 0 s, 30 s, 150 s, 300 s and 450 s, respectively. The peak positions in these XAES spectra obtained from the sample surface exposed to air at room temperature after annealing ( Fig. 3(a) ) and the sputtered sample surface (Figs. 3(b)-(e)) are at about 916.2 and 918.6 eV, respectively. These results indicate that copper in the surface layer is metallic, although a thin native oxide layer is quite likely to be formed by air exposure. These spectral data are also consistent with thermodynamic prediction for copper annealed in the low partial pressure of oxygen. Figure 4 show the XPS depth profiles for the surface of Cu-3.4Ti annealed in the low partial pressure of oxygen. The depth by sputtering for 2000 s is estimated to be about 150 nm from comparison with SIMS depth profiles as shown later. These XPS depth profiles clearly show the monotonic variation in the concentration of oxygen and copper with increasing sputtering time. On the other hand, the concentration of titanium appears to be characterized by a peak at the depth of about 70 nm prepared by sputtering for about 1000 s. Such a peak in the depth profile of titanium is also observed in SIMS profiles, as shown the next section.
Results and Discussion
Upper surface layer analyzed by XPS
Depth profiles by SIMS
Signals obtained in the SIMS measurements are generally sensitive, and the higher sputtering rate is obtained, in comparison to the XPS case. Therefore, SIMS depth profiling is adequate to analysis of the distribution of elements in relatively deep layers, although quantification of the concentration is not simple. Figure 5 shows SIMS depth profiles of O + , CsTi + and CsCu + from the surface of Cu-0.5Ti annealed in the low partial pressure of oxygen. The depth sputtered for 1800 s was about 5 µm. Some corrections are essentially required to obtain the quantitative data of the concentration. Nevertheless, these SIMS depth profiles provide characteristic features of the distribution of elements in the surface layer. Monotonic decrease in secondary ion counts of oxygen was clearly found with increasing depth. This indicates that oxygen penetrates into the matrix of Cu-0.5Ti, and the oxygen potential is gradually reduced on the matrix side. The amount of titanium, which is enriched as oxides on the surface layer, decreases with increasing depth up to about 1 µm. This titanium profile is considered to correspond to the gradient of the oxygen potential in the surface layer, indicating the formation of titanium oxides on the surface side. However, a titanium-depleted zone could be formed in the location of depth of about 1 µm, because the formation of titanium oxides is quite feasible in the surface layer. Beneath the depth of about 1 µm, the titanium concentration increases with increasing depth, which approaches to the bulk concentration. Similar depth profiling was carried out in Cu-3.4Ti, in order to investigate the influence of the titanium concentration on SIMS depth profiles. Figure 6 shows SIMS depth profiles of O + , CsTi + and CsCu + from the surface of Cu-3.4Ti annealed in the low partial pressure of oxygen. It may be worth noting that secondary ion counts of O + and CsTi + are about ten times larger than those of the Cu-0.5Ti case as shown in Fig. 5 . This can be attributed to the fact that the bulk concentration of titanium is high and the amount of oxygen penetrating into the sample during annealing increases in Cu-3.4Ti. The correlation between titanium and oxygen in these profiles is similar to that of Cu-0.5Ti. On the other had, the level of secondary ion counts of CsCu + in Cu-3.4Ti is lower than that in Cu-0.5Ti. This phenomenon means the matrix effect in occurrence of these secondary ions, which depends on the concentration of constituent elements. The secondary ion counts of CsCu + in the surface layer of Cu-3.4Ti are lower than that for Cu-0.5Ti, as shown in Figs. 5 and 6, which arises from a difference in the amount of penetrating oxygen. In addition, a peak in secondary ion counts of CsTi + was found in the upper surface layer in Cu-3.4Ti. This is considered to correspond to the peak observed in XPS depth profiles, as shown in Fig. 4 . This characteristic feature will be discussed later.
Controlling process of selective oxidation
The above results suggest that titanium is selectively oxidized in the surface layer by annealing in the low partial pressure of oxygen. This oxidation process is considered to accompany with microscopic phenomena such as the formation of very fine titanium oxides in metallic copper. This may be similar to one observed in the previous work. 6) Schematic diagram for the microscopic concentration profile in the surface layer formed during selective oxidation is given in Fig. 7 . It is noted that this profile is independent of the bulk concentration of titanium within the experimental condition presently investigated.
On the basis of the results obtained in this work, let us discuss the formation kinetics of the surface layer formed during selective oxidation. The concentration profile of oxygen in the surface layer seems to be explained by the selective oxidation process, as shown in Figs. 5 and 6. For the purpose, the outward diffusion of titanium is considered to control the oxidation process, since the diffusivity of titanium in copper is much lower than that of oxygen, 6) and the concentration level in penetration curves of oxygen is correlated with the titanium concentration. In order to evaluate the selective oxidation process, let us tentatively quantify the concentration profile of titanium formed in the titanium-depleted zone. Considering a difference in a count level of CsCu + and CsTi + and an influence of oxygen on the matrix, the concentration of titanium, c Ti , obtained in SIMS in the present experimental data may be given by
where I (CsCu + ) and I (CsTi + ) are ion counts of CsCu + and CsTi + , respectively. I (O + ) is ion counts of oxygen at each depth, and I (O + max ) is the maximum ion counts of oxygen. The matrix effect due to oxygen is corrected by the term
A, B and C in eq. (1) are constants, which are estimated from the bulk concentration and the XPS results. The concentration depth profile for Cu-3.4Ti calculated in the above manner is shown as marks in Fig. 8 . Whereas the large amount of titanium oxides is formed in the surface layer less than 1 µm, and the depleted zone of titanium is clearly formed expressed beneath the surface layer containing titanium oxides.
Next, let us compare this concentration profile of titanium tentatively quantified from the SIMS data with a theoretical curve. Selective oxidation of titanium observed in this work is considered to internal oxidation, which takes place by oxidation of a reactive element in copper-titanium alloys. Although the general kinetics of internal oxidation has been expressed using several parameters, 14) these parameters are not easily estimated. Nevertheless, diffusion of titanium in copper should be taken into account in order to evaluate a dominant process in internal oxidation. The titanium concentration is initially homogeneous, and the concentration profile of titanium is formed by selective oxidation. Since titanium is reacted with oxygen in the upper surface layer, the effective concentration in metallic copper is null at the surface in the present case. Then, the concentration of titanium c Ti at depth d at time t is given as follows;
where A and D are a constant and diffusion coefficient. 15) It is noted in the present analysis that the oxide layer thickness is assumed to be very thin. Diffusion coefficients of titanium in copper were given by measurement of interdiffusion in the copper-titanium system at relatively high temperatures. 16) From the temperature dependence of the diffusion coefficients, the diffusion coefficient at 873 K is estimated to be D = 1.3 × 10 −15 m 2 /s. Thus, the concentration profile calculated by this simple model is shown as the solid line in Fig. 8 . The calculation is, in the authors' view, rather surprisingly good, because the calculated curve fairly reproduces the experimental profile in the titanium-depleted zone. A main difference between these concentration profiles is found in the titanium-depleted zone, which may results from migration of titanium to form oxides on the surface side. Also, it should be noted that a surface layer with high oxygen potential is extended into the bulk, as oxygen penetration proceeds. Then, the effective position of the sample surface, which is assumed as the initial position of the sample surface in the calculation of the concentration profile, may shift to the matrix side. This should be attributed to the difference between the experimental results and theoretical estimation. Since the depth resolution measured in SIMS depth profiling generally decreases with increasing depth, this also influences a deviation of the experimental data from the calculated curve. Nevertheless, it is not too much to say that a dominant process in formation of the surface layer during se- lective oxidation in the present copper-titanium alloys is diffusion of titanium in copper.
The following discussion may also be worthy of note for the concentration peak of titanium occurring at the upper surface layer of Cu-3.4%Ti during oxidation, as shown in Figs. 4 and 6. This phenomenon is frequently observed in alloys containing a large amount of alloying elements, which is oxidized. For example, the concentration peak has been observed in internal oxidation of iron-silicon, in which silicon is oxidized and an iron rich layer is formed on the internal oxidation layer. 17) These results indicate that the peak appeared in the concentration profile of reactive elements near the surface is correlated with the amount of penetrated oxygen from an atmosphere. The penetrated oxygen is formed as oxides of reactive metals to expand the volume of the surface layer. Then, the excess non-reactive metals may be extruded from the surface layer, since the oxides of the reactive metals are stable. This phenomenon is observed in alloys with the large amount of oxygen and reactive elements, that is titanium.
Concluding Remarks
X-ray photoelectron spectroscopy (XPS) and secondary mass ion spectrometry (SIMS) have been used for studying surface layers formed by the selective oxidation of titanium in copper-titanium alloys. Copper-0.5, 1.0, 1.5, 2.0 and 3.4 mass% titanium alloys were annealed under a low partial pressure of oxygen. The main results obtained are as follows:
(1) XPS results for upper surface layer showed that titanium is enriched at the surface to form oxide, while copper is metallic in the surface layer. The concentration of titanium oxides formed in the sample surface increases with increasing bulk concentration of titanium.
(2) The SIMS depth profiles showed that the amount of titanium oxide formed in the surface layer decreases with increasing depth corresponding to the oxygen potential. The formation of titanium-depleted layer was found beneath the surface layer.
(3) The titanium concentration profile in the titaniumdepleted zone is mainly described by outward diffusion of titanium, indicating that the present selective oxidation process is mainly controlled by diffusion of titanium in copper.
